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ATP-Mediated Conformational Changes
in the RecA Filament
double-stranded DNA (dsDNA) [22, 23], and that the
N-terminal domain of human Rad51 (hRad51) binds both
single-stranded DNA (ssDNA) and dsDNA [24]. While all
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The active state of RecA [26, 27], UvsX [28, 29], RadACharlottesville, Virginia 22908
2 Celera Genomics [28], and Rad51 [11, 30] appears to be a helical nucleo-
protein filament formed on DNA, while that of the meio-Foster City, California 94404
sis-specific homolog Dmc1 may be an octameric ring
[31]. In the RecA nucleoprotein filament, the DNA is
stretched from an axial rise per base pair of 3.4 A˚ foundSummary
in B form DNA, to5.1 A˚ and untwisted fromten base
pairs per turn to 19 base pairs per turn [26]. A similarThe crystal structure of the E. coli RecA protein was
DNA conformation has been described in filamentssolved more than 10 years ago, but it has provided
formed by Thermus aquaticus RecA [32], archaeal RadAlimited insight into the mechanism of homologous ge-
[33], bacteriophage T4 UvsX [28, 29], yeast Rad51 [30],netic recombination. Using electron microscopy, we
and human Rad51 [11]. It has been proposed that thesehave reconstructed five different states of RecA-DNA
proteins may stabilize a preexisting state of stretchedfilaments. The C-terminal lobe of the RecA protein is
and unwound DNA [34, 35].modulated by the state of the distantly bound nucleo-
In 1992, a crystal structure of RecA was reported [36]tide, and this allosteric coupling can explain how muta-
in which RecA forms a helical polymer with six subunitstions and truncations of this C-terminal lobe enhance
per turn and a pitch of 82.7 A˚. It was assumed that theRecA’s activity. A model generated from these recon-
subunit-subunit contacts in the crystal filament were thestructions shows that the nucleotide binding core is
same as those that occur in the active RecA filamentsubstantially rotated from its position in the RecA crys-
formed on DNA. The RecA subunit structure consists oftal filament, resulting in ATP binding between subunits.
the nucleotide binding core, and N-terminal and C-ter-This simple rotation can explain the large cooperativity
minal domains. The core domain is comprised of anin ATP hydrolysis observed for RecA-DNA filaments.
eight-stranded, twisted  sheet that is flanked by four 
helices. The structure for residues lying in the proposed
Introduction DNA binding loops L1 (residues 157–164) and L2 (resi-
dues 195–209) was not determined due to apparent dis-
The bacterial RecA protein was the first identified mem- order in this region. The smaller N-terminal region (resi-
ber of a class of proteins present in all organisms that dues 1–30), consisting of a single  helix and  strand,
catalyze DNA strand exchange. RecA plays a critical forms important subunit-subunit contacts in the crystal
role in homologous genetic recombination, DNA repair, filament. The C-terminal domain (residues 270–328),
and the SOS response [1–3]. Under conditions of mas- which includes three  helices and two  strands, makes
sive DNA damage, RecA can account for as much as no contacts with adjacent subunits in the filament. The
3%–4% of the total protein in Escherichia coli [4]. Other final 25 residues of the C-terminal domain were not
members of this family include bacteriophage T4 UvsX visible in the crystal, presumably due to disorder.
[5, 6], the archaeal RadA protein [7, 8], and the eukaryotic Using electron microscopy and a novel approach to
Rad51 [9–12] proteins. image analysis of helical polymers [37], we have gener-
Although all of these proteins play similar roles in ated 3D reconstructions of RecA-DNA filaments in a
recombination, recent work has highlighted significant variety of nucleotide binding states. This information
differences in their structure and function. Sequence was previously not available with conventional ap-
alignments have shown that the most highly conserved proaches to helical reconstruction [38] due to the flexi-
region is the nucleotide binding core [13, 14], which is bility and disorder of these filaments. The new method
also present in the F1-ATPase [15] and helicases [16– has been extensively tested in applications involving
19], suggesting that all of these proteins may have di- UvsX [28], RadA [39], and F-actin [40–44]. A comparison
verged from a common ancestor. Outside of the core of these new RecA reconstructions shows significant
domain, RecA has a carboxy-terminal domain that is conformational changes in the C-terminal domain that
absent in Rad51 and RadA, while these proteins have appear to depend on the state of RecA’s bound nucleo-
an amino-terminal domain that is not found in RecA tide. In order to fit the RecA crystal structure into our
[20, 21]. There is no sequence or structural homology reconstructions, a large rotation of the subunit away
between the C-terminal domain of RecA and the N-ter- from its position in the crystal filament is required. This
minal domain of these homologous proteins. Studies generates very different subunit-subunit contacts than
have suggested that the RecA C-terminal domain binds
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we found a large rotation between the C-terminal lobes
of the “compressed” and “extended” filaments and be-
tween these filaments and the RecA crystal filament.
When we compare the “compressed” and “extended”
filaments generated from RecA in the presence of ATP-
-S to those filaments formed with ATP-AlFx and AMP-
PNP and the mutant RecA with ATP (E96D) (Figure 2),
we find additional C-terminal lobe rotations (Figure 2).
The C-terminal lobe in the “extended” ATP--S [46],
AMP-PNP, and ATP-AlFx filaments is significantly
smaller than that seen in the “compressed” ATP--S
[46] and E96D RecA filaments, although the full mass
of the C-terminal domain is not visualized in any of the
filaments. This suggests that there may be different
forms of disorder in the C-terminal domain and that this
disorder is greatest when AMP-PNP, ATP-AlFx, or ATP-
-S is bound. The possibility exists that the disorder
may appear as rotations of the whole C-terminal domain;
however, regardless of whether the domain is rotated
or disordered, these changes are clearly linked to the
state of the nucleotide bound to the RecA core. The
Figure 1. Electron Micrograph of E96D RecA Filaments on dsDNA
disorder in the N-terminal lobes of RadA [39] and Rad51
The large cooperativity in ATP binding within RecA-DNA filaments
filaments is so pronounced that under some conditions,can be seen in this electron micrograph of E96D RecA filaments on
part or all of the domains are not visualized by EM [46].dsDNA. Two conformations are seen, frequently within the same
In all of the RecA reconstructions presented, the orienta-filament. An extended state (black arrows) has very visible striations
resulting from a helical pitch of 92 A˚, and results from the binding tion of the homologous core of the RecA subunits re-
of ATP. A compressed state (gray arrows) is wider, and has no very mains relatively fixed regardless of the nucleotide
visible striations due to a reduced pitch of 70 A˚. In the presence bound, which is in stark contrast to the C-terminal lobe.
of ADP, only the compressed state is seen (data not shown). The
Earlier EM studies showed that deletion of the last 18scale bar represents 1,000 A˚.
residues resulted in conformational changes in the RecA
subunit, the most significant of which was in the core
region [47]. Together, these findings suggest that thereexist in the crystal filament. Our filament model can
is an allosteric coupling between the core and C-ter-explain a variety of biochemical data, including the co-
minal domains, and that changes in the nucleotide oroperative nucleotide hydrolysis by RecA, that were not
in the nucleotide binding pocket result in large changespreviously explained by the crystal filament.
in the orientation of the C-terminal lobe [46].
The C-terminal domain of RecA has been implicated
Results and Discussion in DNA binding and as being a “gateway” that provides
a path for dsDNA binding to ssDNA in the presynaptic
RecA Filaments filament during the search for homology [23]. Studies
We have used a novel method for image analysis of have shown that the homologous pairing activity of
helical polymers [37] to generate 3D reconstructions of RecA with C-terminal mutations (Lys286Asn and Lys-
RecA nucleoprotein filaments formed on dsDNA in the 302Asn) is significantly reduced, as is the secondary
presence of either AMP-PNP or ATP-AlFx, and with a binding of dsDNA to the RecA-ssDNA filaments [23].
mutant RecA (E96D) that binds but does not hydrolyze Interestingly, these mutants show no defects in ATP-
ATP (Figures 1 and 2) [45]. One of the advantages of dependent binding to ssDNA and in the DNA-activated
this new method is that it treats short segments of fila- ATPase. Residues Phe270, Trp290, Ile290, Gly301, and
ments as single particles, thereby eliminating the need Asn304 in a C-terminal domain fragment show large
for the imposition of helical symmetry over long changes in their chemical shifts when dsDNA is present
stretches of flexible and disordered polymers. [22], suggesting that these residues interact with
In a previous study [46], we identified segments of dsDNA. Additionally, deletion of the last 25 residues
RecA-DNA-ATP--S filaments representing two distinct from RecA results in a 10-fold increase in ssDNA binding
states of the RecA helical filament (Figure 2). We sug- and an increase in RecA nucleation on dsDNA [48]. To-
gested that the presence of two distinct states of RecA gether, these data imply that the C-terminal lobe of RecA
resulted from the slow but cooperative hydrolysis of the may play an indirect, allosteric role in the regulation of
bound ATP--S. If the hydrolysis of ATP--S occurred binding of the primary DNA to RecA and a direct role in
randomly within a filament, we would never isolate seg- the binding of a secondary DNA. We have observed
ments that are in a different state, because all segments large changes in the C-terminal domain as a function of
would contain a mixture of states. The “compressed” the distantly bound nucleotide. There is every reason
filaments had an average 82 A˚ pitch while the average to expect that such allosteric coupling would also go in
pitch of the “extended” filaments was 91 A˚, although the opposite direction: modifications of the C-terminal
there was an overlap in the broad distributions of pitch domain, by either mutations, truncation, or the binding
of a secondary DNA molecule, could affect the proper-for both states. Upon comparing the reconstructions,
ATP-Mediated Changes in RecA
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Figure 2. Three-Dimensional Reconstructions of RecA-DNA Filaments
The state of the RecA filament has been labeled below each surface. The symmetries of the “compressed” and “extended” ATP--S, AMP-
PNP, ATP-AlFx, and E96D-ATP filaments are (p, pitch; u/t, subunits/turn) p  82 A˚, 6.09 u/t; p  91 A˚, 6.16 u/t; p  91 A˚, 6.13 u/t; p  92 A˚,
6.11 u/t; and p  89 A˚, 6.17 u/t, respectively. The nucleotide binding core of RecA is indicated with a black arrow, while the C-terminal domain
is marked with an orange arrow.
ties of the nucleotide binding site and the binding to the filament (Figures 3 and 4A), we have developed a pseu-
doatomic model for this state of RecA (Figures 3 andprimary DNA.
The allostery between the C-terminal domain and the 4B). In generating the model, we used the reconstruction
of the E96D mutant RecA [45], as these filaments areRecA core may provide insight into the functional roles
of these domains in the regulation of certain RecA func- in a known nucleotide state (with ATP bound but not
hydrolyzed) and because the mass associated with thetions. In 1992, Story et al. suggested that the interfila-
ment crystal packing of RecA seen in their RecA crystals C-terminal lobe is the largest of any of the reconstruc-
tions. However, it should be noted that the fit of therepresents an inactive storage form of RecA within the
cell [36]. This idea was based primarily on mutational nucleotide binding core of RecA is essentially the same
in each RecA filament reconstruction shown. We firstanalyses including the RecA mutant RecA441 (Glu38Lys
and Ile298Val), which induces the RecA coprotease generated a low-resolution volume of the RecA crystal
subunit with similar resolution present in the E96D RecAfunction in vivo [49] and competes more effectively for
DNA than SSB in vitro [50]. Because these sites are far reconstruction. Crosslinking studies [52] have sug-
gested that the specific contacts between the N-ter-from the active ATPase and DNA binding sites within
the crystal filament, a simple explanation for these muta- minal  helix of one subunit and the core of an adjacent
subunit seen in the crystal filament are maintained intional effects was not possible. In developing their model
for interfilament packing and function, Story et al. (1992) the active RecA filament; therefore, we maintained these
contacts in the model by cutting the RecA subunit fromassumed that bundles of RecA filaments exist in vivo,
that these bundles are inactive in coprotease activity the crystal filament at the N-terminal linker region (be-
tween residues 28 and 29). Interestingly, it was pre-and DNA binding, and that the mutations at the interface
of RecA filaments disrupt the stability of these bundles. viously proposed that the N-terminal helix of one subunit
forms an important contact with a neighboring subunitTherefore, mutations that disrupt these bundles in-
crease the activity of RecA. Unfortunately, there is no in the hexameric rings formed by the T. aquaticus RecA
protein (the remainder of the interface is very differentevidence supporting these assumptions. In fact, crystal-
like assemblies of RecA filaments have been observed from that in the crystal filament) [53], and this has been
experimentally confirmed [54]. This form of “helix swap-within the cell, but these are formed after, not before,
SOS induction, and involve RecA-DNA filaments [51]. ping” between multimeric subunits has also been seen
in crystal structures of the helicase domain from bacte-We suggest an alternative to the filament packing model
to explain the relevance of the C-terminal mutations. All riophage T7 gp4 [19], the RepA helicase [55], and the
of these mutations may allosterically affect the confor- N-terminal domain of Rad52 [56]. Next, we manually
mation of the RecA core, which could in turn affect RecA docked the subunit volume into the 3D reconstruction
filament assembly, ATP hydrolysis, and both the primary while trying to match the shape of the crystal subunit to
and secondary DNA binding properties of RecA. that in the reconstruction. Fortunately, at this resolution,
there are many distinguishing shape constraints that
were used in the docking, thus increasing the overallRecA Model
Because the crystal structure of the RecA-ADP filament reliability of the model. The fitting of the RecA crystal
was identical when the N-terminal helix was deleted and[36] did not fit the EM reconstruction of the active RecA
Structure
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Figure 3. Three-Dimensional Surface Comparison of RecA Filaments and Models
The rendered surface (26 A˚ resolution) of our pseudoatomic model (Model) for the active RecA filament is nearly identical to the EM reconstruction
of the RecA E96D filament (E96D). However, the rendered surfaces (26 A˚ resolution) of the crystal filament (Crystal) or a recent filament model
generated from spectroscopic data [57] are quite different.
was therefore not sensitive to this feature. In particular, model (Figures 3 and 4) [57]. The extensive differences
at the subunit interface between the crystal filament andthe shape of the RecA core at 18 A˚ resolution includes
the active RecA filament support the idea that these twoa dominant protrusion resulting from helices A, F, and
states of RecA are not simply interconvertible [58, 59].D (see Figure 2 in [36]) that exactly matched a protrusion
The ATP binding site in the crystal filament is orientedin the exterior of the RecA filament reconstruction, there-
toward the interior of the filament (Figures 5A and 5B),fore minimizing the uncertainty in the fit of the RecA
whereas in our model, the ATP lies directly in betweencrystal structure. We then applied the transformation
neighboring RecA subunits (Figures 4B, 4D, 5C, and 5D).used in the fitting to the crystal structure coordinates
A similar pattern of nucleotide binding between adjacentand imposed the same helical symmetry seen in the 3D
subunits is seen in crystal structures of the bovine mito-reconstruction. It should be noted that in building our
chondrial F1-ATPase [60], the T7 gp4 helicase domainmodel, we have used a rigid body rotation of the RecA
[19], and the hexamerization domain of the NSFsubunit taken from the crystal filament. This assumes
(N-ethylmaleimide-sensitive fusion protein) [61]. In thethat there are no conformational changes between the
crystal structure of the hexameric RepA helicase, thesubunit seen in the crystal and in the active filament.
nucleotide binding site is also located between neigh-This will most certainly not be the case. We expect,
boring subunits [55]. Taken together, a pattern emergeshowever, that this model will provide the general orienta-
in which the multiple subunits in the RecA filaments andtion of the subunit in the active filament as well as the
a variety of homologous hexameric NTPases directlygeneral location of specific residues, while at the same
interact with a single bound nucleotide, suggesting antime that the atomic details of the filament will not be
additional role of the nucleotide in stabilizing the oligo-deduced from this model with any certainty.
meric form of these proteins.In our RecA filament model, the subunits are signifi-
Sequence analysis has shown that 58 residues incantly rotated with respect to that seen in the RecA
RecA are absolutely conserved among all bacterial RecAcrystal filament (Figure 3). Such a rotation is supported
sequences [20], and of these, 52 of are present in theby recent spectroscopic evidence of the RecA filament
RecA crystal structure (the other 6 are located in theformed on ssDNA in the presence of ATP--S [57]. These
disordered loop 1 and loop 2) [36]. In our filament model,
authors showed a mean change in angle of 15 for
6 of these conserved residues (Lys216, Phe217, Arg222,
20 dipole moments between the measured positions of
Lys248, Lys250, and Pro254) are involved in ATP binding
these transition moments relative to the filament axis in across the subunit interface, while in the crystal filament,
the active filament and the calculated position within these residues are not involved in any contacts with
the RecA crystal filament (see Table I in [57]). They used ATP (Figures 4C and 4D).
these data to generate a model for the active RecA Lys216 and Arg222 are very sensitive to mutation, with
filament in which the subunits were rotated 40 away only Lys216Arg and Arg222Lys showing partial activity
from their position in the crystal filament (Figure 3). In [62], and all substitutions at these positions inhibited
interpreting the spectroscopic data and developing the filament formation in the absence of ssDNA [63]. In the
model, it was assumed that the C-terminal domain and RecA crystal filament, residue 216 interacts with Ala95
the core region rotate as a rigid body [57], an assumption and is in close proximity to His97 in a neighboring sub-
we have shown to be incorrect, in that conformational unit, while residue Arg222 is thought to interact with
changes in these two domains are uncoupled. There are Glu63 and His97 across the subunit-subunit interface
fundamental differences in the model generated using [62]. In our model, Lys216 lies very near the phosphate
the spectroscopic data and our model that is based backbone of the ATP allowing for potential hydrogen
entirely on EM (Figure 3). bonding, and Arg222 is in close proximity to the adenine
In our model, the large subunit rotation results in a base (Figures 4C and 4D). The possible interaction be-
very different subunit-subunit interface from that seen tween ATP and Lys216 may help explain the apparent
requirement for an H bond donor at this position [62].in the crystal filament [36] and the Morimatsu et al. (2002)
ATP-Mediated Changes in RecA
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Figure 4. Comparison of the RecA Crystal Filament and RecA Filament Model
In order to fit the RecA crystal filament ([A]; red) into the E96D RecA-ATP 3D reconstruction (gray), a large rotation of the subunit is necessary
to avoid penetration of the EM surface ([A]; black arrows). The model for the E96D RecA-ATP filament ([B and D]; red) provides a nice fit to
the 3D reconstruction, with the most significant penetration of the surface envelope by a loop encompassing residues 232–237 ([B]; red arrow).
It has previously been suggested that these residues adopt an alternate conformation in both the RecA-DNA and UvsX filaments [28]. In our
filament model (D), 6 absolutely conserved residues in all bacterial RecA proteins (216, 222, 248, 250, and 254 in green; 217 in magenta)
interact with ATP (yellow) across the subunit-subunit interface, while in the crystal filament (C), these residues are not involved in ATP binding.
This figure was generated with Bobscript [73].
One of the most dramatic differences between our drogen bond donor is present at this position [62]. Addi-
tionally, when Phe217 is mutated to a Cys, RecA main-model and the crystal filament involves residue Phe217.
Previous studies have described the key role of this tains only a low partial activity (between 10% and 20% of
the wild-type recombination function) [62]. In the crystalresidue and shown that nearly all mutations at position
217 destroy RecA function [62, 63]. However, when the filament, Phe217 does not directly interact with residues
in an adjacent subunit, but rather lies in a slightly hy-wild-type Phe217 is replaced with Tyr, RecA has greater
than wild-type activity, suggesting a need for this type drophobic pocket (around residues 150 and 155; Figure
4C) [62, 63]. This led to the idea that Phe217 was involvedof ring structure and an increase in activity when a hy-
Structure
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Figure 5. Proposed Location of the ATP Binding Site in RecA and Rad51 Filaments
The ATP binding site (red) in the RecA crystal filament (A and B), RecA model filament (C and D), and a model for the Rad51 filament (E) can
be seen in a van der Waals surface representation of the RecA subunits (yellow, green). Views in (A)–(D) are related by a 90 rotation about
an axis perpendicular to the filament axis ([B, D, E]; black line).
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in mediating ATP-induced structural changes that may RecA is known to bind and hydrolyze ATP coopera-
tively, activities which are directly coupled to DNA bind-help position residues involved in ATP hydrolysis [62].
In particular, an elegant model was proposed in which ing, DNA strand exchange, and 5-to-3 end-dependent
disassembly. This cooperativity is directly visualized inATP binding to RecA induces conformational changes
in loop 2, which is propagated through helix G and re- EM micrographs of RecA E96D (Figure 1), where long
stretches of compressed and extended segments cansults in an insertion of Phe217 further into the neigh-
boring subunit, thus resulting in an enhancement of co- be found in a single filament. In the presence of ATP--S,
the apparent affinity of RecA for ssDNA is increased;operative filament assembly [64]. A much more direct
role for this residue emerges from our model, on the however, in the presence of ADP, ssDNA binding be-
comes unstable. Our model provides a structural expla-other hand, in that Phe217 lies very near the ATP bound
to an adjacent subunit, and when this residue is mutated nation of RecA cooperativity because the ATP binding
site lies directly between neighboring subunits (Figuresto a Tyr, the OH group on the phenylalanine ring is
very near the ATP phosphate backbone (Figure 4D). Our 5C and 5D). It is interesting to note that bacteriophage
T4 UvsX also shows cooperativity in its interaction withmodel is also consistent with biochemical data showing
that Phe217Tyr RecA mutants are more proficient in ATP [6], and a model for the UvsX active filament sug-
gests that the ATP binding site is located between neigh-the ATP-dependent cooperative filament assembly, ATP
binding, and ATP hydrolysis that wild-type RecA [64]. It boring subunits [28]. The ATPase activity of both RecA
and UvsX proteins is strongly enhanced after conforma-is striking that a key role for residue 217 in coordinating
ATP binding and hydrolysis emerges from a simple rigid tional changes are induced by ATP binding and if neigh-
boring subunits in the protein-DNA filament have ATPbody rotation of the subunit to fit the EM reconstruc-
tions, as this was not a constraint imposed during the bound [6]. In contrast, hRad51 does not show coopera-
tivity in the binding and hydrolysis of ATP as seen infitting.
In our RecA filament model, residues Lys248, Lys250, RecA and UvsX, and a recent model of the Rad51 fila-
ment [28] suggested that the ATP binding site is posi-and Pro254 also lie very near the adenosine base of the
ATP on an adjacent subunit (Figure 4D), while in the tioned away from the subunit interface (Figure 5E). This
would explain the recent observation that, in contrastcrystal filament, they are involved in subunit-subunit
contacts that do not involve ATP (near residues 96, 97, to RecA and UvsX, hRAD51 does not display cooperativ-
ity in ATP hydrolysis by hRad51, and “may be unable118, and 119; Figure 4C). Studies have shown that RecA
proteins with mutations at residue 248 are deficient in to coordinate ATP hydrolysis between neighboring pro-
tomers” [68]. It is also consistent with observations sug-ssDNA-dependent ATP hydrolysis, ssDNA binding, and
filament formation [65], all of which are consistent with gesting “that ATP plays a fundamentally different role
in hRad51 versus RecA mediated processes” [69].this residue forming contacts with ATP and providing
stabilization of the subunit-subunit interface. Residues
in the 233–243 loop form crosslinks to DNA [66], and
Biological ImplicationsRecA mutants RecAR243Q and RecAK245N are defec-
tive in DNA binding in homologous pairing [67]. In our
The bacterial RecA protein has been a model systemmodel, these residues lie in the interior of the filament,
for understanding homologous genetic recombination.in close proximity to an adjacent subunit, thus providing
It was expected that a crystal structure of RecA [36]a continuous electropositive surface throughout the fila-
would provide atomic details about how the RecA-DNAment that could accommodate DNA along the filament
filament functions. Unfortunately, very few insights haveaxis. However, in the crystal filament, these residues lie
been provided by the crystal structure. Using multipleat the face of the open cleft formed between adjacent
EM reconstructions of RecA-DNA-ATP filaments to ori-subunits. Models of the RecA-DNA interactions in the
ent the crystal structure of the RecA subunit, we haveregion around residue 243 that are based on the crystal
been surprised to find that there is a large rotation offilament structure have the DNA oriented by necessity
the subunits between the active RecA-DNA filamentsbetween adjacent subunits and tilted away from the
and the filament that is formed within the crystal in thefilament axis [67].
absence of both DNA and ATP. The interpretation of theThe large majority of residues that lie at the interface
crystal filament, however, has been that it is largelyin our model are the same as those at the interface
the same as the one formed on DNA in the presence ofin the crystal filament [36], although the interactions
ATP. Our model explains a large number of observationsbetween many of these residues differ significantly. In
that could not be easily explained by this interpretationparticular, in our model there are three areas of cross-
of the crystal structure. These include the cooperativesubunit interaction, including the region around residues
hydrolysis of ATP within the filament, the key role of213–218 with 96–103 and ADP; 226, 243, and 257 with
residue 217 in both filament assembly and ATP binding,234–237; and 264–266 with 254-255. In the crystal fila-
and the role of certain absolutely conserved RecA resi-ment, residues involved in the subunit-subunit stabiliza-
dues that appear to be involved in contacting an ATPtion include 89 and 95–102 with 247-248, 250, 254-255,
that is bound to a neighboring subunit within the fila-and 257 in addition to the region including residues
ment. Further, we have directly shown that the state of148–156 with 213–218. Areas of RecA that lie at the
the bound nucleotide modulates the structure of thesubunit interface in the model but not the crystal filament
distant C-terminal lobe. We would expect that informa-include residues 235–237, 243-244, and 263–266. Over-
tion may also be propagated in the opposite directionall, the solvent-accessible surface area in the RecA fila-
ment model is similar to that for the crystal filament [36]. from the C-terminal lobe to the nucleotide binding core.
Structure
194
6. Formosa, T., and Alberts, B.M. (1986). Purification and charac-This allosteric coupling can explain how mutations in
terization of the T4 bacteriophage uvsX protein. J. Biol. Chem.the C-terminal lobe or interactions of the C terminus
261, 6107–6118.with a secondary DNA could change the properties of
7. Woods, W.G., and Dyall-Smith, M.L. (1997). Construction and
the nucleotide binding site, and explain why RecA pro- analysis of a recombination-deficient (radA) mutant of Haloferax
teins that are missing C-terminal residues can actually volcanii. Mol. Microbiol. 23, 791–797.
8. Komori, K., Miyata, T., DiRuggiero, J., Holley-Shanks, R., Ha-have enhanced activities. We therefore think that our
yashi, I., Cann, I.K., Mayanagi, K., Shinagawa, H., and Ishino,new model of the RecA filament provides a testable
Y. (2000). Both RadA and RadB are involved in homologousframework for reevaluating a large amount of data from
recombination in Pyrococcus furiosus. J. Biol. Chem. 275,both genetics and in vitro biochemical studies.
33782–33790.
9. Sung, P. (1994). Catalysis of ATP-dependent homologous DNA
Experimental Procedures pairing and strand exchange by yeast RAD51 protein. Science
265, 1241–1243.
Sample Preparation 10. Sigurdsson, S., Trujillo, K., Song, B., Stratton, S., and Sung, P.
The RecA protein and dsDNA were prepared as described [70]. (2001). Basis for avid homologous DNA strand exchange by
RecAE96D mutant was prepared as described [45]. RecA-dsDNA- human Rad51 and RPA. J. Biol. Chem. 276, 8798–8806.
ATPS, RecA-dsDNA-AMP-PNP, and RecAE96D-dsDNA-ATP com- 11. Benson, F.E., Stasiak, A., and West, S.C. (1994). Purification
plexes were incubated in 25 mM triethanolamine-HCl (Fisher) buffer and characterization of the human Rad51 protein, an analogue
(pH 7.2) at 37C for 15 min, with a RecA or RecAE96D concentration of E. coli RecA. EMBO J. 13, 5764–5771.
of 3 m, RecA to linearizedφX174 dsDNA ratio of 40:1 (w/w), ATPS 12. New, J.H., Sugiyama, T., Zaitseva, E., and Kowalczykowski,
(Boehringer) or AMP-PNP (Sigma) or ATP (Sigma) 1.3 mM, magne- S.C. (1998). Rad52 protein stimulates DNA strand exchange by
sium acetate (Sigma) 2 mM. The RecA-dsDNA-ATP complex was Rad51 and replication protein A. Nature 391, 407–410.
incubated in 25 mM triethanolamine-HCl (Fisher) buffer (pH 7.2) at 13. Shinohara, A., Ogawa, H., and Ogawa, T. (1992). Rad51 protein
37C for 5 min, with the same reaction conditions as described involved in repair and recombination in S. cerevisiae is a RecA-
above. Then, NaF (Aldrich) and Al(NO3)3 (Aldrich) were added to a like protein. Cell 69, 457–470.
final concentration of 1.3 mM and incubated at 37C for 25 min to 14. Shinohara, A., Ogawa, H., Matsuda, Y., Ushio, N., Ikeo, K., and
form the complexes referred to as RecA-ATP-AlFx. Ogawa, T. (1993). Cloning of human, mouse and fission yeast
recombination genes homologous to RAD51 and recA. Nat.
Genet. 4, 239–243.Electron Microscopy and Image Processing
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mitochondria. Nature 370, 621–628.FEI Tecnai 12 electron microscope at an accelerating voltage of 80
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17. Korolev, S., Hsieh, J., Gauss, G.H., Lohman, T.M., and Waks-most of the image processing and the helical reconstructions were
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